Abstract. Using pulsed gradient spin-echo NMR, we studied molecular self-diffusion in aligned samples of a hybrid lyotropic lamellar L α phase. This composite organic-inorganic material was obtained by doping the lamellar phase of the non-ionic surfactant Brij-30 with the [PW 12 O 40 ] 3-polyoxometalate (POM). Both water and POM self-diffusion display a large anisotropy as diffusion is severely restricted along the normal to the bilayers. Water diffusion in planes parallel to the bilayers does not depend on the POM concentration but depends on the lamellar period, which is due to a variable fraction of "bound" water molecules. POM diffusion in the hybrid L α phase is almost two orders of magnitude slower than in aqueous solution. Moreover, it is not at all affected by the thickness of the aqueous medium separating the bilayers. This proves that the POM nanoparticles do not freely diffuse in the inter-bilayer aqueous space but adsorb onto the PEG brushes that cover both sides of the surfactant bilayers.
3− anion is ρ POM = 6.98 g/mL, using the POM volume reported by Pope. 29 Solutions with a maximum POM volume fraction of 10% were prepared.
Preparation of POM-doped L α phases
All POM-doped samples are identified by their surfactant volume fraction φ Surf = V Surf / V where V Surf is the volume of added surfactant and V is the overall sample volume, and their POM volume fraction in the aqueous medium, φ POM . In principle, for L α samples, φ Surf defines the lamellar periodicity and φ POM controls the average distance between the POMs within a water layer.
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All samples were prepared by simple mixing of the surfactant Brij 30 (liquid at room temperature) with a POM solution of known φ POM . The surfactant was weighed in first. V Surf was calculated based on the density of Brij 30 (0.95 g/mL). To prepare a sample with a given φ Surf , the appropriate volume of POM solution, V aq , was calculated using a simple dilution law: After adding all the components, the samples were sealed with parafilm and mixed with a vortexer. Finally, they were centrifuged (100g, 5 mins) to collect all material at the bottom of the tube. The samples were stored inside a cupboard to avoid exposure to light and were left to stand for one week before any experiments.
In the samples used for NMR experiments, 25% of the water was replaced by deuterated water, which was found to have no effect on the phase diagram of the system.
Sample alignment
Without any special treatment, the lamellar samples in the NMR tubes present a partially aligned texture that complicates the interpretation of the PGSE-NMR data. The easiest way to obtain reliable data for anisotropic diffusion of mobile species inside L α phases is to use macroscopically aligned samples. The alignment procedure consists of heating the sample, held in a NMR tube inside the spectrometer, to the isotropic phase and then cooling it back slowly to the lamellar phase. Indeed, when the mesophase is submitted to a magnetic field, these non-ionic
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hal-00441709, version 1 -3 Feb 2010 surfactant molecules are known to align with their long axes perpendicular to the field. 30 Therefore, when the lamellar phase is reformed in-situ in the NMR (vertical) field, the membranes align with the director perpendicular to the applied field (and hence perpendicular to the axis of the NMR tube.) This results in a 2-D orientational distribution of lamellar domains ("2-D powder") with directors in the horizontal plane.
The preparation of "true" single domains of POM-doped L α phase was achieved by using flat, 100 µm thick, optical glass capillaries (VitroCom Inc., Mountain Lakes, NJ). Each sample was heated to above the lamellar-to-isotropic transition temperature. Then, the temperature was slowly (≈ 0.1 K/min) lowered back to room temperature. The lamellar phase domains that nucleate are aligned with their bilayers parallel to the flat faces of the capillary (homeotropic anchoring). These domains then grow to span the whole width of the capillary. However, the amount of material is here much smaller (~ 2 mm 3 ) so that stacks of ten such capillaries had to be introduced in an NMR tube to perform the PGSE-NMR experiments. Even so, the small amount of material did not allow us to study POM diffusion; only water diffusion could be examined in this configuration.
Experimental techniques
Pulsed-field spin echo NMR (PGSE-NMR)
The PGSE-NMR experiments were performed on a Bruker Avance NMR 400 spectrometer with a broad-band probe equipped with three-axis gradient coils without field/frequency lock control. The maximum gradient values for the three perpendicular directions were: G z = 45
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G.cm −1 , G x = G y = 38 G.cm −1 , z being the direction of the constant field. Temperature was controlled within the 300-360 K range with a Bruker BVT3000 system (± 1K regulation).
Temperature calibration was performed before each set of measurements by using a reference ethylene glycol sample.
Self-diffusion was measured with the pulsed field gradient stimulated echo and LED sequence using 2 spoil gradients. 31 Self-diffusion coefficients were determined from the classical Stejskal-Tanner equation:
where G is the magnitude of the two gradient pulses, ∆ is the time interval between these pulses and δ is their duration, γ is the gyromagnetic ratio of the nucleus under study and I and I 0 are the integrated intensities of the signals obtained respectively with and without gradient pulses. 25 The magnitude of the pulsed field gradient was varied between 0 and the maximum available value in 8, 10 or 16 steps; the diffusion time ∆ between two pulses was fixed at 50 ms and 1000 ms for 1 H and 31 P respectively, and the pulse duration δ was set between 3 and 12 ms, depending on the diffusion coefficient to be measured. For the 1 H PGSE-NMR experiments, 16 scans were added at each step, with a relaxation delay of 8 s.
In order to prepare the 31 P PGSE-NMR experiments, the T 1 relaxation times were first measured by standard techniques and found to be around 20s. Therefore, relaxation delays of 120 s were used. Besides, the low POM concentration inside these materials requires a minimum of 80 scans for each step of the PGSE measurements to reach an acceptable signal/noise ratio and dependable diffusion coefficient values. Then, the total measurement time to measure a diffusion coefficient in one direction is at least 8 hours. π/2 pulse widths were calibrated to 6 and 21 ms for 1 H and 31 P nuclei respectively.
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The diffusion coefficient in anisotropic media can be represented as a tensor. In phases with cylindrical symmetry (e.g. nematic or L α ), only two of its diagonal elements are independent. For a lamellar phase, the normal to the layers, also called director n, is the axis of symmetry; D // is the coefficient of diffusion parallel to n (and perpendicular to the lamellae), and D ⊥ is the coefficient of diffusion perpendicular to n (and parallel to the lamellae).
For diffusion that is not parallel to one of the main axes of the phase, the relevant diffusion coefficient is a linear combination of D // and D ⊥ . For a lamellar phase single domain whose director makes an angle θ with the applied gradient, the diffusion coefficient can be written as:
In the case of a powder-like lamellar sample, the apparent diffusion coefficient is isotropic. Its value measured in any direction is:
On the other hand, for a 2D powder, the mean value of the diffusion coefficient measured in any direction perpendicular to the axis of symmetry is:
2.2.2 Small-angle X-ray scattering SAXS experiments were performed with a laboratory setup that has already been described in detail. 32 It consists of a rotating Cu anode generator (Rigaku), graded layer Ni/C mirror optics (Osmic), vacuum tubes (inserted between the sample and the detection), and a CCD camera (Princeton).
ACS Paragon Plus Environment
hal-00441709, version 1 -3 Feb 2010
3. Results
Sample alignment
The alignment of a lamellar phase in the NMR magnetic field can be monitored in-situ by following the deuterium NMR signal from D 2 O solvent molecules. Indeed, the 2 H NMR spectrum of an isotropic ("powder-like") distribution of L α phase domains has a characteristic shape that comes from the isotropic averaging of a Pake doublet. 33 In an aligned L α phase, all the lamellae make the same angle with the magnetic field, and hence the 2 H NMR spectrum shows only a doublet. Finally, in the isotropic phase, all 2 H quadrupolar interactions are averaged out and the signal is just a single very thin peak.
A complex spectrum is observed when a new sample is first introduced in the spectrometer was filled with a doped L α phase sample and inserted into an NMR tube. Then, it was aligned according to the above procedure; its SAXS pattern can be seen in figure 3 . The concentration of the X-ray scattering signal in the horizontal direction proves that all the lamellae are arranged parallel to the long axis of the capillary and that the "aligned" sample is actually a 2-dimensional distribution of lamellar domains with directors perpendicular to the magnetic field ("2D powder").
The quadrupolar splitting (∆ν q ) of the 2 H doublet depends mostly on the tumbling dynamics of the water molecules at the interface. It is proportional to the average order parameter of the water O-D bonds. 34, 35 The quadrupolar splitting changes both with the surfactant volume fraction and the temperature of the sample. The variation of quadrupolar splitting with surfactant concentration at constant POM volume fraction is shown in figure 4a . As expected, ∆ν q increases when the water is more confined as it interacts more strongly with the bilayer. 30 A similar variation, although to a lower extent, can be observed when the temperature of a sample is decreased (data not shown). It is well known that, at lower temperature, the hydrophilic heads of C m EO n surfactants hydrate, and hence a greater fraction of water is bound to the bilayer. More unexpectedly, the quadrupolar splitting decreases with increasing POM concentration at constant surfactant volume fraction ( fig. 4b ). This might mean though that the POMs replace some of the structured water close to the interface.
The alignment procedure can also be followed by 1 H NMR as can be seen in figure 5.
Initially, the spectrum is composed of a broad peak (50 Hz) corresponding to the water molecules, and some featureless wide signal corresponding to the ether and alkyl components of the Brij 30 molecule. As the sample is heated to the isotropic phase, well-resolved signals are observed for the water, ether and alkyl components. Finally, as the temperature is decreased and
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an aligned L α phase is formed, the ether and alkyl signals disappear while the water signal remains narrow. Thus the formation of an aligned L α phase is accompanied with a large decrease of alkyl segment mobility, and, to a smaller extent, polyether segment mobility.
The 31 P NMR spectrum of a doped L α phase is shown in Supplementary Information ( Figure S1 ). The central phosphorus atom gives a very narrow peak with a width of approximately 3 Hz, which confirms the good alignment of the mesophase.
The results of a PGSE-NMR water diffusion experiment on a φ Surf = 50%, φ POM = 3.5%
oriented sample are shown in figure 6. As mentioned above, the sample is in the form of a 2D
powder; the bilayers are arranged parallel to the z-axis but with a random orientation of the director in the (x,y) plane. The diffusion coefficient of water was measured along the three space directions. It is immediately obvious that the water diffusion in the sample is anisotropic. The decay of the 1 H NMR signal is much faster when the gradient is applied along the z axis than when it is applied along the x or y axes (the decays are the same when the gradients are applied along the x and y axes). This is expected as diffusion along the z axis is parallel to the bilayers.
The water molecules can move without obstacles in that direction, and thus diffuse fast.
Moreover, the decay along the z axis is monoexponential, whereas the decay along the x axis (or the y axis) is not perfectly monoexponential. Again, this is related to the macroscopic anisotropy of the sample that is homogenous on a much larger lengthscale along the z axis than along the x axis.
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The same experiment was repeated with ∆ increased to 500 ms (data not shown) in order to probe larger domains; the decays obtained for the shorter and longer diffusion times were exactly the same, evidencing the sample homogeneity. Therefore, the decay does not depend on the diffusion time ∆. Moreover, for all samples, we checked that the decays along the x and the y axes are exactly the same. Thus, the samples are behaving like true 2D powders.
The monoexponential decays along the z axis direction for four samples with different surfactant volume fractions are shown in figure 7. They are faster for samples with smaller φ Surf .
On the other hand, samples with the same φ Surf but different POM volume fractions present identical decays ( fig. 8) . Thus, the diffusion of water molecules in the POM-doped L α phase depends on the lamellar period (determined by φ Surf ), but not on the volume fraction of doping POMs.
To extract the water self-diffusion coefficients in the doped L α phase, the decays shown in the previous figures have been fitted by the Stejkal-Tanner equation (1) both along the z and the x axes. Because the equation only describes monoexponential decay, it is not strictly valid in the case of the x axis decay. However, the value extracted in this way remains close to the "true" value, which is given by the slope at the origin. The self-diffusion coefficient of water molecules in pure water at 305 K is D 0 = 2.8×10 −9 m 2 s −1 . 36, 37 Hereafter, all the measured water self-diffusion coefficients are normalized by this value.
In figure 9 , the normalized self-diffusion coefficient of water (D w /D 0 ) is plotted as a function of φ Surf , at constant φ POM (3.5%). As qualitatively inferred from the decays, D w decreases with increasing φ Surf , from about 60% of its free water value at φ Surf = 40% to about 25% at φ Surf = 70%. The water molecules diffuse more slowly when the inter-lamellar space decreases.
Furthermore, as expected, the diffusion coefficient along the x axis is about twice smaller in the whole range of volume fractions explored. Figure 10 shows the evolution of D w /D 0 as a function of φ POM , at constant φ Surf (50%). This time, the diffusion coefficients do not vary with φ POM , meaning that the POM volume fraction does not affect the diffusion of water. However, the diffusion along the x axis is still about twice slower for all samples.
Water diffusion was also studied in "true" single domains of the POM-doped L α phase in homeotropic orientation, with the director in the (x,y) plane. For each measurement, G x and G y were varied so as to keep the gradient strength constant but to change its angle with respect to the fixed laboratory frame in 15° steps. When the angle θ between the (fixed) director and the applied gradient approaches zero (respectively 90°), water diffusion perpendicular (resp. parallel) to the membranes is measured. This is illustrated in Figure 11 where the water diffusion coefficient in a POM-doped L α phase (φ Surf = 50%, φ POM = 3.5%) was measured as a function of θ 
POM diffusion in doped L α phases
The 31 P decay curves look very similar to the 1 H decay curves ( Figure S2 , Supplementary Information). Again, the decay along the z axis is monoexponential and fast, while the decay along the x axis is multiexponential and about twice slower (here also, the decays are the same for the x and y axes). This is expected because the measurements have been done successively on
ACS Paragon Plus Environment
the same samples and the texture of the lamellar phase is exactly the same. The self-diffusion coefficients were extracted by fitting the decays with the Stejkal-Tanner equation as before.
The POM self-diffusion coefficient in a φ POM = 5% aqueous solution was measured and used as a reference for normalization. Its value was found to be 4.6×10 −10 m 2 s −1 . For a spherical particle, this value gives a hydrodynamic radius of 0.48 nm which compares rather well with the actual radius of 0.55 nm.
The normalized POM self-diffusion coefficients along the z axis are shown as a function of φ Surf , at constant φ POM (3.5%), in figure 12a. We note that the POM diffusion coefficient in the L α phase does not change dramatically when the phase becomes more concentrated in surfactant and that the POM diffusion coefficient in the lamellar phase is about 1/40 of its value in solution.
The normalized POM self-diffusion coefficients are shown as a function of φ POM , at constant φ Surf (50%), in figure 12b . Surprisingly, the diffusion seems to be slower when the POM volume fraction increases, which might be due to mutual obstruction between the POMs.
Discussion
POM self-diffusion
We now discuss the evolution of the POM self-diffusion coefficients as a function of φ Surf .
As the surfactant volume fraction increases, the particles are confined in a thinner water layer.
The width of this layer is directly given by:
( )
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hal-00441709, version 1 -3 Feb 2010 where δ = 3.4 nm is the bilayer width obtained by X-ray scattering. 24 In our measurements, d w varies between 1-5 times the diameter of a POM. This variation was expected to have a strong effect on POM diffusion, as it is actually observed for the water molecules.
It has recently been shown that the diffusion of small spherical particles confined between surfactant bilayers can be adequately described by a simple model due to Faxen. 38, 39 In this model, a spherical particle diffusing between two parallel hard plates experiences an extra hydrodynamic friction force. This force is due to shearing the solvent between the particle that moves at some velocity and the wall that imposes zero velocity. The force depends on the distance between the particle and the plate. The particle self-diffusion coefficient is then reduced by a factor of:
where D 0 is bulk diffusivity, R H is the hydrodynamic radius of the particle, and d w is the distance between the plates.
This model does not take into account either bilayer fluctuations or the fact that the bilayers are fluid, so the solvent can have a non-zero velocity component parallel to the interface.
However, it has been shown to give correct predictions for the self-diffusion coefficient of small spherical particles of R H ≈ 1 nm confined between C 12 EO 5 bilayers, a situation very close to our own. 39 In figure 13 , the measured POM self-diffusion coefficients are compared to the predictions of the Faxen model for a spherical particle of radius R H = 0.55 nm. It is obvious that the model does not agree with the measured self-diffusion coefficients. The POMs diffuse much too slowly in the lamellar phase.
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The very low self-diffusion coefficients of the POMs and their non-dependence on the width of the water layer very probably indicate that they do not freely diffuse in the inter-bilayer space. This nicely confirms our previous interpretation of X-ray scattering measurements which suggested that the POMs are located close to the hydrophilic heads of the surfactant bilayer.
24
The self-diffusion coefficient measurements are further proof of the existence of a strong POMbilayer interaction of unknown origin. This interaction is strong enough that it affects the dynamic properties of the POMs. In a way, their diffusion is linked to that of the surfactant molecules. The viscosity of a C 12 EO 5 bilayer has been measured before, and found to be approximately 80 mPa.s, or about 80 times that of water. 39 This increase in viscosity has the right order of magnitude to explain the reduction of the POM self-diffusion coefficient to 1/40 of its value in water. It is as if the POMs were mainly diffusing within the polyethylene oxide brush.
On the other hand, POM diffusion is clearly anisotropic. For a 2D powder sample, the selfdiffusion coefficient measured along the x-axis is the average value of D // and D ⊥ , the diffusion coefficients perpendicular and parallel to the L α phase director, respectively. The self-diffusion coefficient measured along the z-axis gives directly D ⊥ . For all four samples, the self-diffusion coefficient is twice larger along the z-axis than along the x-axis, as expected for a 2D powder (Eq. 4). This means that D // is negligible compared to D ⊥ . The lamellar phase does not seem to contain any defects that would allow POM diffusion across the bilayers.
Moreover, the POM diffusion coefficient seems to decrease with increasing POM doping (figure 12b). Although the effect is quite weak, it is a surprising result because, at these rather strongly attracted to the surfactant hydrophilic heads and are thus almost certainly confined in a layer thinner than the inter-bilayer distance. This confinement makes the apparent volume fraction close to the bilayers much higher than the nominal one, and interparticle interactions can therefore affect diffusion.
Water self-diffusion
The decrease of the water self-diffusion coefficient with increasing surfactant volume fraction is intuitive. When the aqueous layer is thinner (i.e. when φ Surf increases), the influence of the confining bilayers becomes more important, and so the diffusion coefficient decreases.
However, the reduction of diffusion constant is much too large to be due to geometric confinement alone. Indeed, applying Faxen's formula (6) with a water hydrodynamic radius of ~ 0.1 nm leads to a correction of only about 10 % compared to free diffusion of water in bulk.
Besides, the evolution of D w with φ Surf is very different from that of D POM ( Figure 9 and Figure   12a ). This suggests that water diffusion is governed by a different mechanism than the adsorption process that controls POM diffusion and was discussed in the previous section.
The decrease in water diffusion coefficient may actually also be due to the existence of a fraction of surface-associated water molecules. Such molecules are not free to move between the bilayers, but are bound to the hydrophilic heads of the surfactant. As φ Surf increases, the ratio of bilayer area to total water volume also increases, and hence there is a greater fraction of bound molecules. The observed diffusion coefficient, assuming fast exchange between the two environments, is the average of the diffusion coefficients of the free and of the surface-associated molecules. 1 H PGSE-NMR signal decays along the z-axis for samples with constant φ POM = 3.5%
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and varying φ Surf . The decay is monoexponential in all cases. A linear fit using equation (1) gives the water self-diffusion coefficient perpendicular to the director of the L α phase.
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Figure 8:
1 H PGSE-NMR signal decays for samples with constant φ Surf = 50% and varying φ POM .
As expected, the self-diffusion coefficient of water does not change when the lamellar periodicity of the phase remains constant. 
